Abstract: Perception of a target voice in the presence of a competing talker, of same or different gender as the target, was investigated in cochlear implant users, in implant-alone and bimodal (acoustic hearing in the non-implanted ear) conditions. Recordings of two male and two female talkers acted as targets and maskers, to investigate whether bimodal benefit increased for different compared to same gender target/maskers due to increased ability to perceive and utilize fundamental frequency and spectral-shape differences. In both listening conditions participants showed benefit of target/masker gender difference. There was an overall bimodal benefit, which was independent of target/masker gender difference.
Introduction
Cochlear implant (CI) users with residual acoustic hearing can achieve significant speech understanding benefit by combining acoustic and electric hearing, and this bimodal benefit has often been attributed to the perception of fundamental frequency (F0) in the acoustic signal (Brown and Bacon, 2009; Cullington and Zeng, 2010; Zhang et al., 2010) , though broader spectral cues such as first formant information may also be important (Kong and Carlyon, 2007; Sheffield and Zeng, 2012; Visram et al., 2012) . One of the benefits of the F0 coding provided by the acoustic signal may be an increased ability to segregate a talker from background sounds. Previous research suggests that some CI users have difficulty in making use of gender and F0 differences to aid separation of simultaneous voices (Stickney et al., 2004; Stickney et al., 2007) while others may get similar benefits to normally hearing controls (Cullington and Zeng, 2008) . Typically, those CI users who have some useable residual hearing will have better thresholds at low frequencies than at high frequencies, and thus are likely to have access to F0 information acoustically, at least when aided. Qin and Oxenham (2006) investigated simultaneous vowel perception as a function of F0 separation for normally-hearing listeners listening to a simulation of combined CI and acoustic hearing. Vowels were artificially synthesized to have different F0s, while keeping the spectral shape the same for each vowel. They found that when listening with the CI simulation alone, there was no effect of F0 separation between the vowels. However, when low-frequency acoustic hearing was added to the simulation there was a benefit for increasing F0 separation, similar to that seen in the unprocessed condition, suggesting that improved F0 representation helped to segregate the vowels. Testing CI users with residual hearing, Kong et al. (2005) found a benefit of bimodal listening over CI-alone for perception of male-talker target sentences in the presence of a competing talker. The amount of bimodal benefit was greater for a female than for a male masker, suggesting that the F0 and/or spectral differences between targets and maskers of different genders helped segregation in the bimodal condition. Psychny et al. (2011) investigated bimodal speech perception with competing talkers, by artificially manipulating differences in F0 and vocal tract length (i.e., relative location of formant peaks) between target and masker. They found that F0 differences, but not vocal tract length differences, helped to segregate target and masker in both CI-alone and bimodal conditions. There was an overall bimodal benefit, but this benefit was independent of segregation ability. Cullington and Zeng (2011) found that bilateral and bimodal cochlear implant users performed similarly on speech perception with a competing talker, and that both groups perceived the male target voice better when the masker was female than when the masker was also male.
Given conflicting results from previous studies, the present study investigated whether implant users can use gender-related voice differences to help segregate competing talkers and whether residual acoustic hearing can help them to do so. The study used both male and female target and masker talkers to limit the confounding effects of audibility within the range of residual hearing. Also, each voice acted as both target and masker in separate runs, to minimize the baseline effects of voice intelligibility and masking effectiveness of individual voices.
Methods

Participants
Nine experienced CI users with low-frequency residual hearing in the non-implanted ear took part. Audiometric thresholds in the non-implanted ear are shown in Fig. 1 , and demographic data for the participants are given in Table 1 . All participants gave signed consent to take part in the study, which was ethically approved by the UK National Research Ethics Service (NRES).
Stimuli and stimulus presentation
Test materials were two male (M1, M2) and two female (F1, F2) recordings of the coordinate response measure (CRM) sentences, of the structure "ready hhcall signii go to hhcolorii hhnumberii now" (Moore, 1981) . There were eight different options for call sign, four options for color, and eight options for number. The average F0s of the sentences were as follows: M1: 119 Hz, M2: 104 Hz, F1: 241 Hz, F2: 209 Hz. There were four different male/female, target/masker combinations: MM: male target with male FM: female target with male masker. Additionally, participants were tested in two different target-masker groupings: TM1 in which M1 and F1 were targets with M2 and F2 as maskers; and TM2 in which target and maskers were reversed. Sentences were played to the implant via direct audio input and to the nonimplanted ear via an E-A-R 3A insert earphone. Acoustic stimuli were initially passed through a fast Fourier transform filter to mimic the participant's NAL-RP prescription, then adjusted to the subjective most comfortable level, using output compression if necessary to avoid peak clipping. CI stimuli were also adjusted to the subjective most comfortable level, and if necessary level adjustments were made to achieve a comfortable level when listening bimodally. For subject s2 only, stimuli were played to the implant through a supra-aural headphone placed over the t-mic of the speech processor (a microphone designed to sit at the entrance of the ear canal). This was done as the experimenters were advised the speech processor should be directly connected to handheld battery-powered devices only.
Procedures
Subjects were asked to follow the target talker who named the call sign "Baron," and to identify the color and number said by that talker. The target CRM sentence was always presented with a masker CRM sentence that had a call sign other than "Baron." A one-up one-down adaptive procedure was used to find the target-to-masker ratio (TMR) at which participants correctly identified both target keywords 50% of the time. The starting TMR was þ20 dB, changing in 8 dB steps until the first turning point, 4 dB steps until the third turning point, and 2 dB steps for the next 12 turning points. While the TMR was above 0 dB the target was fixed and the masker adjusted, but while the TMR was below 0 dB the target was adjusted keeping the masker level fixed. This was done to limit the target and masker input levels to a range that avoided distortion or clipping. The TMR50% was the mean TMR at the last 12 turning points. Tracks that did not appear to asymptote or with large variability (a standard deviation of the mean of upward turning points of over 3 dB) were rejected and repeated. If time allowed, tracks with a standard deviation of upward turning points of over 2 dB were repeated and an average of both runs was taken as the final score. Participants were tested over four sessions in total. In each session, a single target-masker grouping (TM1 or TM2) and a single run of every target/masker condition within that grouping (MM, MF, FF, FM) were tested, in the two different listening modes (CI alone and bimodal). Each target-masker grouping was thus tested twice, the order of testing within the group being reversed for the repeat session. In the later sessions, if time allowed, any conditions with large discrepancies between the TMR50% for repeat runs across sessions (of 3 dB or more) were repeated once more, and the average of all three runs used for that score. The order of testing was counterbalanced as far as possible within and between participants. Results for the male/female, target/masker conditions were averaged across repeat sessions and across the two target-masker groupings. Figure 2 shows the individual and mean scores across target/masker conditions for subjects in the CI-alone and bimodal conditions. A two-way repeated-measures analysis of variance was performed, with listening mode and target/masker condition as factors. . There was no significant interaction between listening mode and target/ masker condition (p ¼ 0.584) implying that the bimodal benefit seen in this task was independent of target/masker condition. In other words, the advantage of the mixed over fixed gender conditions was present equally in both CI-alone and bimodal conditions.
Results
Discussion
In contrast to the results of Stickney et al. (2004) but in agreement with those of Cullington and Zeng (2008, 2010) , participants were able to use gender differences between target and masker in the CI-alone condition. This is also in agreement with results of Psychny et al. (2011) who showed that CI users could use artificial increases in F0 in the masker compared to target sentence to obtain masking release, and contrasts with Stickney et al. (2007) who showed benefit of artificial F0 differences for normallyhearing subjects but not CI users. The design of the study was such that speech scores were averaged over two different target-masker groupings, allowing each voice to act both as target and masker in separate runs. We can therefore discount the effect of individual talker intelligibility differences in our results and have confidence that these listeners were able to use gender voice differences in both CI alone and bimodal conditions to help separate target from masker. A possible reason for the differences between our results and those of Stickney et al. (2004) and Stickney et al. (2007) is the range of TMRs at which the test was performed, with relatively lower TMRs in our study. The average TMR50% obtained in the current experiment was close to 0 dB (compared to an average TMR of 10 dB for Stickney et al.) , at which we could expect a large amount of informational masking, and a need to use voice difference cues to distinguish the two voices. Furthermore, in their studies, the influence of informational masking may have been somewhat reduced by the same masker sentence being used in each trial. The amount of bimodal benefit was not related to target/masker condition, suggesting the use of acoustic hearing did not increase the ability of CI users to use F0 or spectral differences to perceptually separate competing talkers with differing genders. One explanation for the lack of extra bimodal benefit seen in different-gender conditions compared to same-gender ones, could be the difficulty in using F0 to group low-frequency components from the acoustic signal with high-frequency components from the implant signal. Congruent F0 information between high-and low-frequency portions of the target may be important for such grouping in normal hearing (Bird and Darwin, 1998) but it does not seem to be crucial for simulated bimodal speech benefit (Brown et al., 2010; Kong and Carlyon, 2007) . This could suggest the mechanism in normal hearing by which different frequency bands are streamed by use of F0 information, is not effective for bimodal listeners. A further explanation is that these CI users were able to extract adequate F0 information from their CI alone to make use of the target-masker F0 separation for segregation of voices. A paradigm which tests a range of target-masker F0 differences may better highlight any differences in segregation based on F0 perception between CI alone and bimodal conditions. Additionally, it is plausible that for large F0 separations, such as those between the male and female talkers, the F0s of individual voices may fall into separate CI channels. This may assist CI listeners, particularly in tracking the lower-pitched voice, as the lower channel would contain information from that voice only. Acoustic perception of F0 may be useful for bimodal listeners in other ways, rather than increasing segregation ability. For example, F0 provides a cue to voicing and may provide useful information about the energy of the target and maskers signals to aid listening in the dips of the masker (Brown and Bacon, 2009; Kong and Carlyon, 2007; Sheffield and Zeng, 2012) . Furthermore wider spectral cues such as F1 information may be useful for bimodal speech benefit (Kong and Carlyon, 2007; Sheffield and Zeng, 2012; Visram et al., 2012) .
Conclusions
Participants performed better in mixed-gender than in same-gender target/masker conditions. This effect is consistent with an advantage for mixed-gender target/maskers rather than individual voice intelligibility, as scores were averaged over conditions in which the different voices acted as both targets and maskers. Bimodal listening significantly improved perception of the target speech in the presence of a competing voice, with a 1 dB TMR mean benefit. The amount of bimodal benefit was not related to target/masker condition. Therefore the bimodal benefit seen, for these subjects and listening conditions, was not due to better ability to separate talkers based on voice-gender differences with the help of the acoustic signal.
